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We perform a complete and systematic calculation of the octet-baryon form factors within the
fully covariant approach of SU(3) chiral perturbation theory at O(p3). We use the extended on-mass
shell renormalization scheme, and include explicitly the vector mesons and the spin-3/2 decuplet
intermediate states. Comparing these predictions with data including magnetic moments, charges,
and magnetic radii, we determine the unknown low-energy constants, and give predictions for yet
unmeasured observables, such as the magnetic moment of the Σ0, and the charge and magnetic radii
of the hyperons.
I. INTRODUCTION
The electromagnetic structure of hadrons plays a fundamental role in our understanding of the structure of matter
and the underlying strong interaction. At high energies, the fundamental properties of hadrons are well described
by perturbative quantum chromodynamics (pQCD). However, in order to describe interactions at distances larger
than the size of hadrons, corresponding to energies well below 1 GeV, pQCD breaks down, and suitable low-energy
effective-field theories (EFTs) are useful. This energy regime is the focus of this paper, and we use the methods of fully
covariant SU(3) baryon chiral perturbation theory (ChPT) for our description of the hadron properties [1–3]. We use
this EFT of QCD including explicitly the decuplet of spin-3/2 baryons [4–7] and the vector-meson contributions [8–13].
At each order in the chiral expansion, the interactions are parameterized by a set of low-energy constants (LECs),
many of which have already been determined from data. When including baryons in ChPT, the chiral power counting
in terms of momenta and masses seems to be spoiled [2]. This is due to the baryon masses being of the order of
1 GeV. As a result, a priori there is no clear way to associate a specific chiral order with a definite number of loops.
Several renormalization schemes to solve this issue have been proposed in the past. The first such approach is semi-
relativistic, which exploits that the baryons are much heavier than the Goldstone bosons, and hence an expansion in
the inverse baryon mass is made. This is called heavy-baryon ChPT (HBChPT), first introduced in Ref. [4]. Covariant
approaches are slightly more involved, and resum terms of higher order from the HBChPT viewpoint. The infrared
regularization (IR) scheme separates the loops into infrared and regular parts, obtained by a manipulation of the
baryon propagators [14–17]. The regular parts fully encode the power-counting breaking terms (PCBTs), and are
thus absorbed in the LECs of the most general Lagrangians. This approach is based on the works in Refs. [18, 19].
However, we choose the extended on-mass shell (EOMS) scheme [20, 21], which is known to converge well for a
range of processes [22–37]. This scheme relies on the knowledge that the PCBTs that spoil the chiral series have
fully analytical expressions. Therefore, they can be identified with terms of the Lagrangian, and absorbed into the
corresponding LECs by an extension of the minimal subtraction (MS) scheme of dimensional regularization.
Some of the differences between the EOMS and IR schemes are compensated by adjustments in the values of the
LECs, see also the discussions in Refs. [17, 29, 38–40]. The renormalization of the divergences is treated in the same
way, the difference lies in which subset of the finite terms is absorbed into the LECs. The EOMS scheme absorbs only
the minimal amount of terms needed to restore the power counting, thus maintaining the analytical structure of the
amplitudes. This is not the case for the IR scheme, which is often used as an argument against its usage.
The baryon electromagnetic form factors are obtained from the reaction amplitude which describes a virtual photon
coupling to these hadrons. At small momentum transfer squared q2, where a Taylor expansion of the amplitude in
terms of q2 is reliable, the coefficients of this expansion yield insight about quantities such as the charge radii
and the electromagnetic moments. For non-vanishing photon virtualities, one can relate them to the charge and
magnetic densities. A good general review on nucleon electromagnetic form factors is given in Refs. [41, 42], both
from the theoretical and from the experimental points of view. Assuming CP conservation and on-shell baryons,
the electromagnetic current of spin-1/2 baryons is determined by only the Dirac and the Pauli form factors, or
combinations thereof.
The first measurements of the nucleon form factors are described in Refs. [43–45]. In Ref. [44], it was shown how to
extract the form factors from the ratio between the experimental cross section and the expected Mott cross section of
pointlike particles. The separate electric and magnetic form factors were obtained for the first time by the intersecting
ellipse method, described by Hofstadter in 1955 [46]. Since then, countless efforts have been made to extract form
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2factors experimentally, at facilities such as the Stanford Linear Accelerator Center (SLAC), the Deutsches Elektronen-
Synchrotron (DESY), the Nationaal Instituut voor Kernfysica en Hoge Energie Fysica (NIKHEF), and the Jefferson
Lab (JLab), among many others. More recently, high-precision experiments with electron beams have been performed,
e.g. at the Mainz Microtron (MAMI).
The nucleon form factors have gathered considerable attention lately due to apparently conflicting results. Mea-
surements of the proton charge radius rpE via electron-scattering experiments [47] have shown a disagreement with the
results from precise atomic measurements of the muonic hydrogen Lamb shift [48]. This is commonly known as the
proton radius puzzle. The first method is based on writing the electric form factor GE as a function of the squared
momentum transfer q2. The charge radius is then obtained from the slope of GE at vanishing q
2. The second method
uses lasers to induce atomic transitions, where the charge radius is related to the size of the gap between the levels.
In fact, the mean value reported from electron-scattering experiments is of rpE = 0.8751(61) fm [47], while the atomic
measurement yielded rpE = 0.84184(67) fm [48]. Interestingly, similar measurements on normal instead of muonic
hydrogen were compatible with the electron-scattering result. The main difference between the two types of hydrogen
is that, since the muon mass is approximately 200 times larger than the electron’s, the Bohr radius is 2 orders of
magnitude smaller for the muonic hydrogen. Thus, the muon is much more sensitive to the proton radius, yielding
a higher empirical precision. But even when taking into account the larger uncertainty of the electron-scattering
measurements, the discrepancy between results is of the order of 5σ. This has led to speculations about possible new
physics explanations, for instance through dark matter coupling to muons [49].
The atomic method has been reanalysed in Refs. [49–53], while there has also been an effort to better understand
the results from electron scattering [54]. For the latter, an experimental determination of the slope of GE at the
exact point of real photons q2 = 0 is of course not possible. However, one can gather probes of very small virtualities,
and extrapolate the value to the physical point. It goes without saying that this extrapolation leads to some model
dependence. One could argue that, at least when leaving the region where q2 is nearly zero, one needs to take into
account the singularities that appear in the complex plane. The first such point is the two-pion production threshold,
where the virtual photon couples to the baryon via two pions. Therefore, a polynomial fit for the extrapolation would
only be reliable for momentum transfers significantly lower than this cut, where data are scarce. Nevertheless, in
Ref. [54] such an analysis has been done, leading to a result compatible with those from the muonic hydrogen Lamb
shift, thus displaying a possible solution for the issue described above.
In order to be able to reproduce the behaviour observed at higher photon virtualities, one needs to find a theoretical
approach which describes the complex-plane singularities as well. This question has been studied within dispersion
analyses [55–58], quark models [59–61] and with lattice QCD [62–66], among other approaches [67–69]. In the present
work we use the methods of ChPT to answer the same question. This effective description of pion loops ensures that
the two-pion cut is taken into account in a consistent manner [3, 11, 22, 29, 70–72]. When moving to yet higher
virtualities, kaon loops [26, 73, 74] or even vector-meson exchanges should be considered as well [10–13].
We focus on the extraction of the electromagnetic form factors of all the octet baryons, in order to obtain insight into
the inner charge and magnetic distributions of these hadrons. This is particularly interesting because recent progress
in lattice calculations allows for an independent calculation and comparison of the results [75, 76]. Furthermore,
the work presented here may have an impact on calculations that use form factors in order to obtain information
about more complicated processes, such as Compton scattering, see Ref. [77]. There, the results of the form factors
are used in order to determine the structure functions needed to obtain the nucleon polarizabilities in a dispersive
representation. Other interesting observables to study are the baryon charge and magnetic densities. With dispersion
theory, one can relate them to the imaginary parts of the form factors. The calculation of the peripheral transverse
densities has been performed both in SU(2) and in SU(3) [37, 78–82].
In a similar approach to ours, in Ref. [74] the magnetic moments of the octet baryons were calculated, most of
which have also already been experimentally extracted. Thus, one can constrain the LECs very well, and test the
compatibility of the ChPT approach with the data. We extend the authors’ to further observables, the charge and
magnetic radii, for which we additionally include the effects of the vector mesons, in a model-dependent approach: the
values of the couplings of the vector mesons to the baryons depend on the phenomenological method with which they
are extracted. We chose those values obtained in Ref. [83], but also studied the effect on the results when choosing
e.g. the Bonn-potential values [84, 85]. In contrast, in Ref. [13] it has been discussed how to include these spin-1 fields
in a self-consistent manner. While the vector mesons do not contribute to the magnetic moments, in the case of the
radii they turn out to give important corrections.
This paper is structured as follows: in Section II, we introduce the formalism for the calculation of the baryon form
factors and the related observables. More precisely, in Section II A, we show the model-independent decomposition
of the electron-scattering amplitude into the form factors, and its connection to the observables studied, such as
the charge radii. We discuss the ChPT framework in more detail in Section II B. In Section II C, we introduce the
formalism needed for the vector-meson contributions. The results are reviewed in Section III. Namely, we give the
results for the electric form factors and related observables, and compare them to those found experimentally and in
3other theoretical works. The explicit expressions for the form factors are given in App. B. In Section IV, we present
a summary and outlook of this work.
II. FORMALISM
A. Amplitude decomposition
The electromagnetic form factors of the octet baryons are given by the Lorentz-invariant decomposition of the
matrix element of the vector current Jµ between baryon states, which reads:1
〈B(p′)| Jµ |B(p)〉 = u¯(p′)
(
γµF1(q
2) +
iσµνqν
2mB0
F2(q
2)
)
u(p), (1)
where u(p) is the spinor of the octet baryon with mass mB0, and F1 and F2 its electromagnetic form factors. The
photon momentum is given by q = p′−p, where p′ and p are the outgoing and incoming baryon momenta, respectively.
The Mandelstam variable t is given by the momentum transfer squared q2. As usual, σµν = i2 [γ
µ, γν ].
The baryon electric form factor is then given by
GE(q
2) = F1(q
2) +
q2
4m2B0
F2(q
2) = cb + q
2
〈
r2E
〉
6
+
q4
2
d2
(dq2)2
GE(q
2)|q2=0 +O(q6), (2)
where cb and rE are the baryon charge and charge radius, and the pseudoscalar meson-loop contribution to
d2
(dq2)2GE(q
2) can be given as a prediction of ChPT, see Ref. [37]. Therefore, the inclusion of this analytical function in
the extrapolation of electron-scattering data can be of relevance for obtaining the proton charge radius. Experimental
estimates for the value of the proton d
2
(dq2)2GE(q
2)|q2=0 were given, for instance in Refs. [89, 90]. As for the baryon
magnetic form factor, it is defined as
GM (q
2) = F1(q
2) + F2(q
2). (3)
The observables we will be focusing on in this work are the baryon magnetic moment µB = GBM (q
2 = 0) in units of
the nuclear magneton, and the charge and magnetic radii defined as
〈
r2E
〉
=
6
GE(0)
dGE(q
2)
dq2
∣∣∣∣
q2=0
,
〈
r2M
〉
=
6
GM (0)
dGM (q
2)
dq2
∣∣∣∣
q2=0
(4)
for GE(0) 6= 0, and as
〈
r2E
〉
= 6
dGE(q
2)
dq2
∣∣∣∣
q2=0
(5)
for GE(0) = 0.
B. Chiral perturbation theory
In SU(3), the Lagrangians involve the pseudoscalar octet mesons φ, the octet baryons B, the decuplet baryons
Tµ and the photon fields vµ = −eAµQ for e > 0. The explicit forms of the corresponding matrices in terms of the
Gell-Mann matrices can be found in the literature, e.g. in Refs. [33, 37]. The lowest-order chiral Lagrangian involving
only photons and the two hadron octets reads
L = L(2)φφ + L(1)φB , (6)
1 There is an additional structure appearing, proportional to qµ, see also Refs. [3, 86–88]. This term is necessary to fulfill the Ward-
Takahashi identities, but can be effectively dropped in most cases, e.g. when the baryons are on shell.
4where
L(2)φφ =
F 20
4
Tr (uµu
µ + χ+) (7)
is the O(p2) meson Lagrangian, and
L(1)φB = Tr
(
B¯(i/D−mB0)B
)
+
D
2
Tr
(
B¯γµγ5 {uµ, B}
)
+
F
2
Tr
(
B¯γµγ5 [uµ, B]
)
(8)
is the O(p1) Lagrangian that includes octet baryons. The commutator and anticommutator refer to flavour space.
Here, mB0 and F0 denote the baryon-octet mass and the meson-decay constant, respectively, both in the chiral limit.
The vielbein uµ and the covariant derivative Dµ read
uµ = i
{
u†,∇µu
}
, DµB = ∂µB + [Γµ, B], (9)
where
∇µu = ∂µu− i(vµ + aµ)u+ iu(vµ − aµ), Γµ = 1
2
[u†, ∂µu]− i
2
u†(vµ + aµ)u− i
2
u(vµ − aµ)u†. (10)
When working exclusively with external photon fields, the axial field aµ can be set to zero. The LECs D and F are
determined from nucleon and hyperon β decays, where the combination F + D corresponds to the LEC g0 in the
SU(2) limit.
In this article, the terms needed from higher-order Lagrangians are those that couple the photon to the baryon
directly. They have been constructed in Refs. [3, 10, 91–93], and read
L(2)γB =
bF
8mB0
〈
B¯
[
fµν+ , σµνB
]〉
+
bD
8mB0
〈
B¯
{
fµν+ , σµνB
}〉
, (11)
L(3)γB =i
d101
2mB0
〈
B¯
[[
Dµ, f
µν
+
]
, [Dν , B]
]〉
+ i
d102
2mB0
〈
B¯
{[
Dµ, f
µν
+
]
, [Dν , B]
}〉
+ H.c., (12)
where
fµν+ =uF
µν
L u
† + u†FµνR u,
FµνR =∂
µ (vν + aν)− ∂ν (vµ + aµ)− i [(vµ + aµ) , (vν + aν)] ,
FµνL =∂
µ (vν − aν)− ∂ν (vµ − aµ)− i [(vµ − aµ) , (vν − aν)] , (13)
and bD, bF , d101, and d102 are low-energy constants. Note that the third-order piece, while being consistent in all
literature up to order O(p3), has two different representations that give distinct higher-order contributions. Here we
choose to use the Lagrangian in Ref. [10], which reproduces the results commonly obtained in other works in SU(2).2
In the present paper, the baryon decuplet is also included. The relevant terms of the Lagrangian that couples these
decuplet fields Tµ to the octets of baryons and mesons are given in Refs. [33, 74, 94], where the lowest-order terms
needed read
L(1)Tφ =T¯ abcµ (iγµναDα −M∆γµν)T abcν , (14)
L(1)TBφ =
iC
M∆
ilm
[
(∂µT¯
ijk
ν )γ
µνρujlρ B
km + H.c.
]
. (15)
Here,
γµν =
1
2
[γµ, γν ] , γµνρ =
1
2
{γµν , γρ} , γµνρσ = 1
2
[γµνρ, γσ] . (16)
2 This means that there are contributions to both the form factors F1 and F2 from this third-order Lagrangian. If one were to use the
other Lagrangian [91–93], only one of the two structures would survive, F1, while the other would vanish due to being a fourth-order
correction.
5FIG. 1. Tree-level diagram that contributes to the baryon form factors. The vertex runs through orders O(p1) to O(p3). The
wavy and continuous lines correspond to photon and octet-baryon fields, respectively.
The covariant derivative acts on the decuplet as
DαT
abc
ν = ∂αT
abc
ν + (Γα, Tν)
abc,
(X,Y )abc = XadY dbc +XbdY adc +XcdY abd. (17)
When performing the calculations with the SU(3) Lagrangian, and then setting the kaon and η loops to zero, one
reproduces the SU(2) result with the LEC correspondence D+F = gA and C = − hA2√2 . Nevertheless, when including
the additional SU(3) loops, a new fit to decay-width data has to be performed [33], and those new values should be
used for F , D and C in the calculations.
When computing loops that include internal baryon lines, PCBTs might arise. This is referred to as the baryon
ChPT power-counting problem [2]. A diagram of nominal order N might after integration contain terms of order
n < N . These terms spoil the convergence of the chiral series, and therefore must be identified and renormalized.
Here, this is done in the extended on-mass shell (EOMS) scheme where, together with the divergences, these analytical
expressions are absorbed into the LECs of the lower-order Lagrangians. The identification of these terms is best done
by expanding the result as a series in small external momenta and masses, and then isolating the terms of order
n < N .
Special care is needed when taking the spin-3/2 states into account. Besides the pion mass and the external
momenta, another small parameter appears, δ = M∆ − mB0 ≈ 300 MeV, which is heavier than mpi ≈ 140 MeV,
but small when compared to the spontaneous symmetry-breaking scale Λ ∼ mB0. The propagator for a spin-3/2
state with four-momentum pµ takes the Rarita-Schwinger form, see e.g. Ref. [29], and is of the order δ−1. In the
range of external energies considered, it is reasonable to treat δ as being of the same order as those energies, O(p).
This approach is called small scale expansion [95, 96]. The power N of a diagram with L loops, V k vertices from
a Lagrangian L(k) of order k, Npi mesonic propagators, NN octet-baryon propagators and N∆ propagators for the
decuplet is therefore counted as
N = 4L+
∞∑
k=1
kV k − 2Npi −NN −N∆. (18)
The diagrams contributing up to chiral order O(p3) are depicted in Figs. 1 and 2. The expressions for the amplitudes
obtained from these figures are discussed in the appendices. We show the wave-function renormalization (WFR) in
App. A, where it is discussed that its inclusion is crucial in order to obtain the correct behavior at q2 = 0. In App. B,
we give the explicit expressions for the amplitudes of each diagram, decomposed into the form factors. Finally, in
App. C, we discuss the PCBTs that have to be subtracted.
C. Vector-meson contributions
In order to model the behaviour of the form factors at higher momentum transfers, the contributions of the vector
mesons are also included, as has also been done in works such as Refs. [10, 11]. The corresponding diagram to the
6(a) (b) (c) (d)
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FIG. 2. Loop diagrams that contribute to the baryon form factors up to O(p3). The wavy, dashed, and single (double)
continuous lines correspond to photon, pseudoscalar meson, and octet (decuplet) baryon fields, respectively. All the vertices
are of the leading-order Lagrangians.
FIG. 3. Diagram with vector-meson contributions to the baryon form factors. The wavy, double dashed, and continuous lines
correspond to photon, vector meson, and octet-baryon fields, respectively.
order considered here is shown in Fig. 3. The Lagrangian describing the couplings of the vector-meson fields Vµ with
momentum q to the octet baryons is given by [9]
LV NN =B¯
(
gvγ
µ + gt
iσµνqν
2mB0
)
VµB, (19)
where gi ∈ {gv, gt} are the coupling constants which for the different baryons are related in SU(3) as follows:
gi = g
F
i Tr(B¯[V8, B]) + g
D
i Tr(B¯{V8, B}) + gSi V1Tr(B¯B). (20)
The explicit matrix representation of the octet and singlet vector fields V µ8,1 is given e.g. in Refs. [37, 81]. In fact, in
Ref. [97] it has been shown with a Dirac constraint analysis that gDv has to vanish.
We assume the case of ideal mixing, where the mixing angle ϕ between the ω and the φ is such that sinϕ = 1/
√
3.
The Lagrangian coupling a photon to the vector mesons Vµν = ∂µVν − ∂νVµ is given by [8]
LV γ = − 1
2
√
2
FV
mV
Tr
(
Vµνf
µν
+
)
, (21)
where the mass and the decay constant of the vector mesons are given by mV and FV , respectively. In Table I, the
values for the masses are shown, as well as the values for the decay constants resulting from the respective decay
widths ΓV→e+e− [98], via the correspondence
ΓV→e+e− =
e4F 2V |~p|
6pim2V
≈ 4piα
2F 2V
3mV
. (22)
7V mV [MeV] FV [MeV] IsV
ρ 775 156 1
ω 783 138 1
3
φ 1019 161
√
2
3
TABLE I. Masses of the vector mesons, their decay constants, and values of the isospin coupling to the photon field.
ρ ω φ
p
gFi +g
D
i√
2
3gFi −gDi +2
√
3gSi
3
√
2
− g
D
i −3gFi +
√
3gSi
3
n − g
F
i +g
D
i√
2
3gFi −gDi +2
√
3gSi
3
√
2
− g
D
i −3gFi +
√
3gSi
3
Σ+
√
2gFi
√
2gDi +
√
6gSi
3
2gDi −
√
3gSi
3
Σ0 0
√
2gDi +
√
6gSi
3
2gDi −
√
3gSi
3
Σ− −√2gFi
√
2gDi +
√
6gSi
3
2gDi −
√
3gSi
3
Λ 0 −
√
2gDi −
√
6gSi
3
− 2g
D
i +
√
3gSi
3
Ξ0
gFi −gDi√
2
− 3g
F
i +g
D
i −2
√
3gSi
3
√
2
− g
D
i +3g
F
i +
√
3gSi
3
Ξ− g
D
i −gFi√
2
− 3g
F
i +g
D
i −2
√
3gSi
3
√
2
− g
D
i +3g
F
i +
√
3gSi
3
TABLE II. Values of the isospin constants gi for the couplings of vector mesons to the octet baryons.
In the last step, the electron masses were neglected compared to the vector-meson mass, thus leading to |~p| ≈ mV /2.
One can see that the numerical values for the FV are in good agreement with SU(3) symmetry (the isospin couplings
are also shown in the table), since they are of very similar size.
From Eq. (20), one can extract the gi for all the couplings of the baryons to the vector mesons, listed in Table II,
and relate them to the empirical couplings from nucleon-nucleon scattering data. In the present work, those from
Ref. [83] are used. Note, however, that the values are model dependent and have large uncertainties, compare, e.g.
with Refs. [84, 85]. The values we use for our calculations read
gv,ρ0pp = 2.4, gv,ωpp = 16, gt,ρ0pp = 14.6, gt,ωpp = 0. (23)
Furthermore, assuming that the electromagnetic couplings of the baryons are saturated by vector-meson dominance,
and considering the ratios of their electric charges and magnetic moments with the assumption of SU(6) symmetry,
one gets
gFv
gFv + g
D
v
= 1,
gFv + g
F
t
gFv + g
D
v + g
F
t + g
D
t
=
2
5
, (24)
respectively [99]. Therefore, one can extract the following information, with the help of which one can obtain all the
other couplings between the vector mesons and the octet baryons:
gFv = 3.4, g
D
v = 0, g
S
v = 16.7, g
F
t = 6.2, g
D
t = 14.5, g
S
t = −1.2. (25)
Note that this is indeed compatible with the outcome of Ref. [97], where from theoretical principles gDv = 0 was
obtained.
8MB0 M∆ mpi mK mη F0 D F C
880 1152 140 496 547 87 0.623 0.441 −D
TABLE III. Numerical values for the hadron masses and low-energy constants used in the calculations [33]. All the dimensionful
values are given in units of MeV.
III. RESULTS
A. Magnetic moments
It is convenient to first calculate the observable GM (0), which is nothing other than the magnetic moment in units
of the nuclear magneton, since the only unknown parameters that it depends on are bD and bF . Moreover, for the
neutron there is no dependence on bF , and its experimental value is well determined to be G
n
M (0) = −1.913 [98].
Therefore, one extracts the value bD = 3.82 when using the numerical values for the masses and other constants
as summarized in Table III, following Ref. [33]. Using this result, one then extracts bF = 0.97 from the also well-
determined experimental value for the proton, GpM (0) = 2.79.
With these two constants fixed, one can now give predictions for GM (0) and the magnetic radius squared
〈
r2M
〉
of
all the baryon-octet members. The values are summarized in Tables IV and V, and compared to the experimental [98]
and lattice results [75] where available.
For GM (0), since the experimental errors are negligible, the main uncertainties arise from the choice of values for
the parameters used in our calculation: e.g. if we were to use the physical average for the masses, decay constants and
other coupling constants, the final values for bD and bF would change by 5% and 15%, respectively, when maintaining
fixed the values for GpM (0) and G
n
M (0). This leads to errors for the final results for GM (0) as shown in Table IV. We
find that in our approach the results are in very good agreement with those found experimentally, and compatible
with those obtained on the lattice. This shows that despite SU(3)-symmetry breaking, the framework of SU(3) ChPT
gives reliable results. The prediction for GΛM (0) turns out to be of the same magnitude as G
Σ0
M , but with opposite
sign. The same behaviour has been seen in other approaches [10, 61, 74].
Our approach builds upon that of Ref. [74]. There, the renormalization scheme used was also EOMS, and the
spin-3/2 states were included as explicit intermediate states too. The vector-meson contributions were not included,
but they do not enter the result of GM (0) since the contribution of vector mesons at q
2 = 0 vanishes. Thus, in that
work they gave a complete analysis of the numerical values for this particular observable. The difference in our results
lies in the fact that they did a global fit to all the experimentally extracted magnetic moments available, while we
fixed our results to those of the best determined ones: those of the nucleons.
We show the results presented in Ref. [10], which were also obtained within the framework of covariant ChPT. The
main differences between their work and ours are the renormalization scheme used (they use IR instead of EOMS), the
order calculated (in that work the calculations were performed up to O(p4)), and the fact that they did not consider
the explicit inclusion of the spin-3/2 intermediate states. The values we obtained for bD and bF are compatible with
those obtained in Ref. [10] at O(p3), keeping in mind that they have to be slightly different due to the different
renormalization schemes and intermediate states considered.
In fact, in Table IV we also show the results that were obtained in Ref. [10] at order O(p3), and our refitted results
at the same order without the inclusion of the decuplet. Thus, the only difference is the renormalization scheme used
and the results for the observables should be equivalent. This is indeed the case, and it is important to stress that
the data for the nucleon magnetic moments used in Ref. [10] are outdated. Therefore the fit results can of course not
be compared exactly.
It is interesting to see that for the observable GM (0) it suffices to stay at O(p3) if one includes the decuplet
intermediate states explicitly, as was done in the present work. The results turn out to be as good the O(p4) calculation
in Ref. [10], despite being of a lower order. In fact, while for the neutron the contribution of the intermediate decuplet
states is negligible, in the other cases these intermediate states make up 20 to 90% of the values, the most striking
case being that of the Ξ−. This is reflected in the result for its magnetic moment, thus showing the importance of
including the spin-3/2 states in order to obtain a result compatible with the experiment. We note that our agreement
with the data seems to be overall slightly better than that found in some other approaches, such as relativistic quark
models [61] and Nambu–Jona–Lasinio calculations [68]. Furthermore, the LECs appear to be more stable when
including the decuplet: bD almost does not change, bF gets reduced to approximately half. In contrast, in Ref. [10],
when going to O(p4), bD shifts from 3.65 to 5.18, and bF by more than a factor 3, from 1.73 to 0.56.
In order to get an idea about the dependence of the results on the renormalization used, it is useful to calculate the
9GM (0) p n Σ
+ Σ−
This work 2.79 −1.913 2.1(4) −1.1(1)
This work (no ∆) 2.79 −1.913 2.5(2) −1.4(1)
Experiment [98] 2.79 −1.913 2.458(10) −1.160(25)
Lattice [75] 2.3(3) −1.45(17) 2.12(18) −0.85(10)
O(p3) [10] (no ∆) 2.61 −1.69 2.53 −1.160
O(p4) [10] (no ∆) 2.79 −1.913 2.458 −1.00
O(p3) [74] (no VM) 2.61 −2.23 2.37 −1.17
O(p3) HBChPT [70] 2.79 −1.913 2.8(4) −0.9(1)
QM [61] 2.735(121) −1.956(103) 2.537(201) −0.861(40)
NJL [68] 2.78 −1.81 2.62 −1.62
GM (0) Σ
0 Λ Ξ0 Ξ−
This work 0.5(2) −0.5(2) −1.0(4) −0.7(1)
This work (no ∆) 0.6(2) −0.6(2) −1.1(3) −0.98(2)
Experiment [98] — −0.613(4) −1.250(14) −0.6507(25)
Lattice [75] — — −1.07(7) −0.57(5)
O(p3) (no ∆) [10] 0.76 −0.76 −1.51 −0.93
O(p4) (no ∆) [10] 0.649 −0.613 −1.250 −0.651
O(p3) (no VM) [74] 0.60 −0.60 −1.22 −0.92
O(p3) HBChPT [70] 1.0(2) −1.0(2) −1.9(4) −0.9(1)
QM [61] 0.838(91) −0.867(74) −1.690(142) −0.840(87)
NJL [68] — — −1.14 −0.67
TABLE IV. Numerical values for GM (0), compared with those extracted experimentally [98] and on the lattice [75]. We compare
our full model with a refitted version without the inclusion of the decuplet (∆) states. We also show the O(p3) and O(p4)
ChPT calculations of Ref. [10], which does not include the decuplet (no ∆) intermediate states, the O(p3) ChPT calculation
which does not include the vector mesons (no VM) [74], a refit of the HBChPT results of Ref. [70] for SU(3), a quark-model
(QM) approach [61], and a calculation within the Nambu–Jona–Lasinio (NJL) model [68].
observables in other schemes as well. As discussed in the introduction, the IR scheme has the downside of failing to
conserve the analytical structure of the loop diagrams. Furthermore, the EOMS scheme is technically much simpler
to perform. Therefore, we refrain from comparing our EOMS results to a technically expensive calculation in the IR
scheme.
Instead, we reanalyse the SU(2) HBChPT calculations performed in Ref. [70], by extending them to SU(3). In
order to do so, we use the expressions listed in that work, taking into account that the LECs’ renormalization and
the WFR have to be adjusted to the SU(3) case studied in the present work. The spin-3/2 degrees of freedom had
already been included in the original calculation. The result of the refit for all the octet baryon magnetic moments
is shown in Table IV. One can see that, when fixing the LECs in order to reproduce the experimental values for the
proton and the neutron, the hyperon magnetic moments seem to be slightly overestimated, with the exception of
the Σ−. The results qualitatively point into the correct direction, though. Here too one can find that the magnetic
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〈
r2M
〉
[fm2] p n Σ+ Σ−
This work 0.9(2) 0.8(2) 1.2(2) 1.2(2)
This work (no ∆) 0.7(2) 0.7(3) 0.8(1) 0.7(2)
Experiment [98] 0.777(16) 0.862(9) — —
Lattice [75] 0.71(8) 0.86(9) 0.66(5) 1.05(9)
O(p4) [10] (no ∆) 0.699 0.790 0.80(5) 1.20(13)
O(p3) HBChPT [70] 0.9(2) 1.0(2) 0.8(2) 1.1(2)
QM [61] 0.909(84) 0.922(79) 0.885(94) 0.951(83)
NJL [68] 0.87 0.91 0.88 0.96
〈
r2M
〉
[fm2] Σ0 Λ Ξ0 Ξ−
This work 1.1(2) 0.6(2) 0.7(3) 0.8(1)
This work (no ∆) 0.8(2) 0.3(3) 0.5(1) 0.2(1)
Experiment [98] — — — —
Lattice [75] — — 0.53(5) 0.44(5)
O(p4) [10] (no ∆) 0.20(10) 0.48(9) 0.61(12) 0.50(16)
O(p3) HBChPT [70] 0.6(2) 0.3(2) 0.4(3) 0.2(1)
QM [61] 0.851(102) 0.852(103) 0.871(99) 0.840(109)
NJL [68] — — 0.66 0.51
TABLE V. Numerical values for
〈
r2M
〉
, compared with those extracted experimentally [98] and on the lattice [75]. We compare
our full model with a refitted version without the inclusion of the decuplet (∆) states. We also show the O(p3) and O(p4)
ChPT calculations of Ref. [10], which does not include the decuplet intermediate states (no ∆), a refit of the HBChPT results
of Ref. [70] for SU(3), a quark-model (QM) approach [61], and a calculation within the Nambu–Jona–Lasinio (NJL) model [68].
moments of the Σ0 and the Λ are the same up to their sign.
This comparative study confirms the need to perform covariant ChPT, and gives an idea about the dependence on
the renormalization scheme used. As has already been suggested in Ref. [77], the fully covariant approach is expected
to give a better convergence of the form factor results up to higher values of momentum transfer squared. Thus, it
might be of interest to reanalyse the polarizabilities studied in Ref. [77] with the calculations presented here.
B. Magnetic radii
The observable
〈
r2M
〉
is slightly more involved: it depends on the effects of the intermediate vector mesons, the
inclusion of which is model dependent. We chose the parameterization of Ref. [83] for the vector-meson couplings,
but when choosing the Bonn-potential values the results vary by 15 to 40% percent. Thus, for this observable the
vector mesons are the main source of the uncertainty in the final results shown in Table V. Taking this into account,
our calculation is in good agreement with the experimental data for the nucleons.
Concerning the hyperons, there are no experimental data available on their magnetic radii. Thus we compare our
results to those extracted in other theoretical frameworks. We have good agreement with other predictions, although
for some cases, such as the Σ+, the Σ0 and the the Ξ−, the tendency is that our prediction is of a slightly larger
magnetic radius. In those cases, there is a big difference between our result and that in Ref. [10]. As a result, our
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prediction for the magnetic radius of the Σ+ is the same as that for Σ−. Nevertheless, we would like to stress here
that it has already been shown in Ref. [10] that it is crucial to perform a full O(p4) calculation in order to obtain a
good description of the q2 dependence of the form factors GE(q
2) and GM (q
2). Since the charge and magnetic radii
are obtained from the slope of the form factors at q2 = 0, for these observables the effects of the next chiral order
are felt more strongly than for the magnetic moment. It is also important to point out that the O(p4) calculation
performed in Ref. [10] was in perfect agreement with the experimental data existing at the time. It is intriguing,
though, that the quark-model predictions [61] are compatible with our result. In particular, the effect of the decuplet
intermediate states is again striking in the final numerical result of the Ξ−.
For this observable, too, we perform a comparative study in HBChPT, following Ref. [70]. Apart from extending
their results to SU(3), as explained in the previous section for the observable GM (0), we additionally include the
vector-meson contributions, in order to obtain a direct comparison to our covariant model. Since the vector mesons
enter at tree level only, their effect is not renormalization-scheme dependent, and we include them in exactly the
same phenomenological way as in our fully covariant model. Again, the qualitative behaviour of the magnetic radii
is compatible in the covariant and non-relativistic schemes, but the numerical values vary. This is especially true for
the Ξ− of which the central value changes dramatically despite having small error bars.
C. Charge radii
Lastly, we show the results for the average charge radii squared,
〈
r2E
〉
, shown in Table VI. Again, the values are
compared to the data and calculations in other works. We fixed bD and bF to the values extracted above, and
determined d101 and d102 by comparison to the two experimental values for the proton and for the Σ
−. We obtained
d101 = 0.61 and d102 = −0.70, while a fit without the decuplet intermediate states would have resulted in d101 = 0.54
and d102 = −1.05. The constant d102 seems to be sensitive to the inclusion of the decuplet. However, the effect on
d101 is very soft, in contrast to the result of going to O(p4), where d101 changes by a factor 1/3.
With the values of the LECs obtained from the fit, we gave predictions for the charge radii of the other members
of the baryon octet. The findings here are similar to those remarked in the case of the magnetic radii: the results
are sensitive to higher-order contributions, but overall a behaviour compatible with other calculations can be seen.
Again, the choice between different vector-meson parameterizations is the main source of uncertainty in the results.
Note that the data available at the time of the calculations performed in Refs. [10, 61] are outdated, which naturally
leads to a discrepancy in the fit results. In the case of the charge radii, the inclusion of the decuplet is negligible, and
the vector mesons are the ones giving significant contributions.
The model in Ref. [68] describes the nucleon data rather well, but the experimental value for Σ− is not reproduced.
In our work, we find that when fixing the couplings so as to also reproduce the results for this baryon, we obtain a
charge radius which is slightly larger for the Σ+ than for the Σ−. This is not surprising, since the main contribution
from the kaon cloud to the Σ+ comes from the transition to a virtual p K¯0 state, while that to the Σ− is n K−. Thus,
while the pion cloud contributes equally to both Σ+ and Σ−, the kaon cloud leads to a breaking of this symmetry.
This is an interesting outcome of the extension of the ChPT calculations to SU(3). Additionally, the relative sign
between the contributions of the ρ and the other two vector mesons, ω and φ, is different depending on the charge
of the Σ. Finally, even when considering the direct coupling of the photon to these baryons at O(p2) and O(p3), one
finds different contributions to each of them, since the relative sign between the charge cb and cb23 is different for each
case, see Table VII.
Unlike the magnetic observables, the charge radii do not change drastically when performing a HBChPT calculation
instead of the fully covariant approach. Again, the hyperon of which the central value changes the most compared to
its error bars is the Ξ−, but not as strongly as in the case of the magnetic radius. Furthermore, it is important to
point out that in the HBChPT calculation the central value for the neutron is indeed negative, as expected from the
experiment and other calculations.
IV. SUMMARY
We presented a systematic and extensive calculation of the baryon electromagnetic form factors within the frame-
work of covariant ChPT up to the chiral order O(p3). Building on the work of Ref. [74], we explicitly included not only
the decuplet, but also the vector-meson contributions in the covariant EOMS renormalization scheme. In addition to
the magnetic moments, we analysed the charge and magnetic radii.
We first introduced the tools necessary for the calculation of the relevant amplitudes. With this framework we
extracted the magnetic moments, charge and magnetic radii. Comparing the results with data, we determined all
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〈
r2E
〉
[fm2] p n Σ+ Σ−
This work 0.878 0.03(7) 0.99(3) 0.780
This work (no ∆) 0.878 0.04(7) 0.95(3) 0.780
Experiment [98] 0.878(5) −0.1161(22) — 0.780(10)
Lattice [76] 0.76(10) — 0.61(8) 0.45(3)
O(p3) [10] (no ∆) 0.717 −0.113 0.63 0.72
O(p4) [10] (no ∆) 0.717 −0.113 0.60(2) 0.67(3)
O(p3) HBChPT [70] 0.878 −0.04(7) 0.93(3) 0.780
QM [61] 0.767(113) −0.014(1) 0.781(108) 0.781(108)
NJL [68] 0.87 −0.37 0.96 0.86
〈
r2E
〉
[fm2] Σ0 Λ Ξ0 Ξ−
This work 0.10(2) 0.18(1) 0.36(2) 0.61(1)
This work (no ∆) 0.09(1) 0.20(2) 0.38(2) 0.605(7)
Experiment [98] — — — —
Lattice [76] — — 0.53(5) 0.37(2)
O(p3) [10] (no ∆) −0.05 0.05 0.15 0.56
O(p4) [10] (no ∆) −0.03(1) 0.11(2) 0.13(3) 0.49(5)
O(p3) HBChPT [70] 0.07(2) 0.21(1) 0.42(2) 0.54(1)
QM [61] 0 0 0.014(8) 0.767(113)
NJL [68] — — 0.49 0.76
TABLE VI. Numerical values for
〈
r2E
〉
, compared with those extracted experimentally [98] and on the lattice [76]. We compare
our full model with a refitted version without the inclusion of the decuplet (∆) states. We also show the O(p4) ChPT calculation
of Ref. [10], which does not include the decuplet intermediate states (no ∆), a refit of the HBChPT results of Ref. [70] for
SU(3), a quark-model (QM) approach [61], and a calculation within the Nambu–Jona–Lasinio (NJL) model [68].
unknown low-energy constants. Finally, we provided predictions for the properties of those baryons for which these
observables have not yet been determined experimentally.
Our results for the magnetic moments are in excellent agreement with the data. In fact, we even find as good an
agreement as in calculations at higher chiral order O(p4). This shows the importance of including the spin-3/2 degrees
of freedom explicitly, and the reliability of SU(3) ChPT in its covariant EOMS renormalization framework. Both in
the case of the magnetic moment and of the magnetic radius, we find that the effect of the decuplet intermediate
states is crucial for the result for the Ξ− hyperon.
However, we confirmed that for observables sensitive to the q2 behaviour, such as the charge and magnetic radii,
an extension of these calculations to the chiral order O(p4) is crucial. So far, such calculations in SU(3) have been
performed only in the IR renormalization scheme and without the explicit inclusion of the decuplet intermediate
states. However, even at O(p3) we obtained results in good agreement with data. In order to study the effect on the
results of the renormalization scheme used, we compared our calculations to those obtained in HBChPT. Since this
scheme is non-relativistic, it is the one which is expected to lead to the most different numerical outcome. Thus, it
gives a quantitative idea about the uncertainties due to different renormalization schemes.
Finally, we would like to stress that the proton charge radius extracted with the help of this framework by a fit to
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the GE(q
2) data at low q2 might be more reliable than the polynomial fits that are usually performed. The latter
cannot take into account the effects of poles in the amplitude, such as those at the opening of the two-pion threshold.
Such effects are correctly described within ChPT.
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A. WAVE-FUNCTION RENORMALIZATION
At the order considered, the WFR amounts to including a factor
√
Z in the amplitude, for each of the baryon legs.
The WFR of the photon leg would lead to higher-order corrections. Therefore, in total one needs
√
Z
2
=
1
1− Σ′
∣∣∣
/p=mB0
, (26)
where Σ is the baryon self-energy that arises from the diagrams depicted in Fig. 4. This factor Z is of O(p2), and
therefore gives a O(p3) correction when included in the tree-level amplitude of O(p). Therefore, we include it only
there, since in the higher-order diagrams one would obtain corrections of at least O(p4).
(a) (b)
FIG. 4. Diagrams contributing to the proton self-energy with nucleon (a) and ∆ (b) loop contributions.
In fact, this WFR is strictly necessary if one wants to obtain the natural charge of the baryons at q2 = 0:
GE(0) = cb. (27)
The reason for this is that the loop diagrams at O(p3) do not all show the behaviour of GE(q2 = 0) = 0, even
after subtracting the PCBTs. But the expressions obtained for the WFR exactly cancel these spurious terms when
multiplied to the leading-order tree-level diagram:
cbWFR = cb +GE(0)
loops = cb + F1(0)
loops − F1(0)PCBT. (28)
For the neutral baryons this of course means that there is no WFR contribution. But in their case the requirement
GE(0) = 0 is fulfilled even without WFR. The WFR expression for the charged baryons is trivially obtained from
Eqs. (28), (32) and (35), and therefore, we do not show it here.
B. EXPLICIT EXPRESSIONS FOR THE FORM FACTORS
In this section, the amplitudes of the diagrams in Figs. 1 and 2 are given, separated into the two form factors. The
charges of the meson, of the octet baryon and of the decuplet baryon are denoted as cm, cb and cT , respectively. For
the direct coupling of the photon to the baryon at O(p2) and O(p3), apart from the baryon charge a further definition
cb23 is needed, the values of which are summarized for each baryon in Table VII. We denote the isospin constant of
the coupling of two mesons to a baryon at one point as Ismm. Its values for the different baryons are summarized in
Tables X and XI. In some of the loop diagrams, each channel has a particular isospin combination of the LECs D
and F . Therefore, we call the combination thereof cDF . The values of this combination for the different channels are
summarized in Tables VIII and IX. Furthermore, Ism is the coupling constant of the vertex of the decuplet-to-octet
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baryon transition via a coupling to a meson. Its values are summarized in Tables XII and XIII. The couplings IsV
between a photon and a vector meson are summarized in Table I.
For the expressions that arise from the dimensional regularization we use the definitions
λ1(∆) =
Γ
(
1− d2
)
(4pi)d/2∆1−
d
2
= − ∆
16pi2
[
2

− log
(
∆
MSc
)
+ log(4pi)− γE + 1 +O()
]
,
λ2(∆) =
Γ
(
2− d2
)
(4pi)d/2∆2−
d
2
=
1
16pi2
[
2

− log
(
∆
MSc
)
+ log(4pi)− γE +O()
]
,
λ3(∆) =
Γ
(
3− d2
)
(4pi)d/2∆3−
d
2
=
1
16pi2∆
+O(),
ρ1(∆) = − ∆
8pi2
,
ρ2(∆) =
1
8pi2
, (29)
where  = 4−d and MSc is the scale parameter, which in this work is set to the octet-baryon mass mB0. Furthermore,
γE = −Γ′(1) is the Euler-Mascheroni constant. In the renormalization prescription M˜S used here, terms proportional
to
L =
2

+ log(4pi)− γE + 1 (30)
are subtracted. Special care has to be taken for amplitude terms which are proportional to the dimension d = 4− .
They arise, e.g. from expressions as gµνγµγν = d = 4 −  in the numerator. The  piece of these expressions cancels
the divergence in 2/, therefore leading to the appearance of the additional finite terms ρ1(∆) and ρ2(∆) which are
not absorbed into the renormalization. Were one to set d = 4 from the very beginning, they would have erroneously
disappeared.
Furthermore, we define the following arguments of the loop integrals:
∆2(a) =M
2,
∆2(b) =M
2 − q2fa(1− fa),
∆2(c) =∆2(d) = M
2(1− fa) + f2am2B0,
∆2(e) =M
2(1− fb) + f2bm2B0 − q2fa(1− fa − fb),
∆2(f) =M
2(1− fa − fb) + (fa + fb)2m2B0 − q2fafb,
∆2(g) =∆2(h) = M
2(1− fa)−m2B0fa(1− fa) +M2∆fa,
∆2(i) =M
2(1− fb)−m2B0fb(1− fb) +M2∆fb − q2fa(1− fa − fb),
∆2(j) =M
2(1− fa − fb) + (fa + fb)(M2∆ −m2B0) + (fa + fb)2m2B0 − q2fafb. (31)
With the above considerations, the evaluation of the diagrams in Figs. 1 and 2 leads to the following expressions
for the form factors F1 and F2:
F1,1 = cb + q
2 (cbd101 + cb23d102) ,
F1,2(a) = − Ismm
F 20
λ1
(
∆2(a)
)
,
15
F1,2(b) = −2Ismm
F 20
∫ 1
0
dfa λ1
(
∆2(b)
)
,
F1,2(c) = F1,2(d) =
c2DF cm
4F 20
∫ 1
0
dfa
[
2λ1
(
∆2(c)
)−m2B0f2aλ2 (∆2(c))− 12ρ1 (∆2(c)) ],
F1,2(e) =
c2DF cm
4F 20
∫ 1
0
dfa
∫ 1−fa
0
dfb
[
− 3λ1
(
∆2(e)
)
+
(
m2B0(4fa(4fb + 5) + 17f
2
b + 8fb − 10) + q2fa(fa + fb − 1)
)
λ2
(
∆2(e)
)
− 2m2B0(2fa + 2fb − 1)
[
q2
(
faf
2
b + fa(fa + 1)fb + 2(fa − 1)fa
)
+ f3bm
2
B0
]
λ3
(
∆2(e)
)
+
1
2
ρ1
(
∆2(e)
)−m2B0(fb + 2)(2fa + 2fb − 1)ρ2 (∆2(e)) ],
F1,2(f) =
c2DF cb
4F 20
∫ 1
0
dfa
∫ 1−fa
0
dfb
[
6λ1
(
∆2(f)
)
− (6m2B0(f2a + 2fa(fb + 1) + f2b − 2fb − 1) + q2(fa(3− 6fb) + 3fb − 1)))λ2 (∆2(f))
+
(
m4B0(fa + fb)
2(f2a + 2fa(fb + 2) + (fb − 4)fb)
+m2B0
(
f3a (1− 2fb)− f2afb(4fb + 1) + fafb((7− 2fb)fb + 4) + f3b
)
q2
+ (fa − 1)fa(fb − 1)fbq4
)
λ3
(
∆2(f)
)
− 5
2
ρ1
(
∆2(f)
)
+
(
m2B0(f
2
a + 2fa(fb + 1) + f
2
b − 2fb − 2) +
q2
2
(−2fafb + fa + fb)
)
ρ2
(
∆2(f)
) ]
,
F1,2(g) =
C2mB0Is2m
9M3∆F
2
0
∫ 1
0
dfa (famB0 −M∆ −mB0)
× {6(M∆(cT + cm)− 2mB0cT )λ1 (∆2(g))− (M∆(cT + cm)− 8mB0cT )ρ1 (∆2(g))} ,
F1,2(h) = −C
2mB0Is
2
m
9M3∆F
2
0
∫ 1
0
dfa (famB0 −M∆ −mB0)
× {7(M∆(cT + cm)− 2mB0cT )λ1 (∆2(g))− (19M∆(cT + cm)− 8mB0cT )ρ1 (∆2(g))} ,
F1,2(i) =
C2cmIs2m
M2∆F
2
0
∫ 1
0
dfa
∫ 1−fa
0
dfb
[(
2m2B0 −
8q2
3
)
λ1
(
∆2(i)
)− (m2B0 − 4q29
)
ρ1
(
∆2(i)
)
+
(
q42fa(fa + fb − 1) + q2mB0
[
mB0(16fafb − 4fa(fa + 4) + 21f2b − 34fb + 13) +M∆(−20fa − 21fb + 13)
]
+ 4m3B0(10fa + 8fb − 5)(−fbmB0 +M∆ +mB0)
)λ2 (∆2(i))
3
+ (4m2B0q
2 − q4)
[
− 2
3
famB0(fa + fb − 1)(2fa + 2fb − 1)(−fbmB0 +M∆ +mB0)
]
λ3
(
∆2(i)
)
+
(
q4(fa + fb − 1)fa + q22mB0
[
mB0(−20fafb + 2fa(fa + 10)− 21f2b + 32fb − 11) +M∆(22fa + 21fb − 11)
]
16
− 4m3B0(22fa + 20fb − 11)(−fbmB0 +M∆ +mB0)
)ρ2 (∆2(i))
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]
,
F1,2(j) =
C2cT Is2m
9M4∆F
2
0
∫ 1
0
dfa
∫ 1−fa
0
dfb
[(
2(−2M∆mB0q2(15fa + 3fb − 10)
+ q2(−2m2B0(10fa + 10fb − 9) + 4q2(fa + fb)− q2) + 6M2∆(3m2B0 + 2q2))
)
λ1
(
∆2(j)
)
+
(
M2∆
(
− 3m2B0q2(4fafb + 3fa(7fa − 5) + f2b − 3fb + 2) + 6m4B0(13fa − 7fb − 3)(fa + fb − 1)
+ q4(6fafb − 3fa − 3fb + 1)
)
+M∆mB0q
2
(
m2B0(fa + fb − 1)(18fafb + 5fa(3fa − 1) + 3f2b − 17fb + 6)
+ q2((5− 3fa)f2b + (16− 15fa)fafb + fa(5fa − 11)− 11fb + 2)
)
+ q2
(
−m2B0q2(fa + fb − 1)(34fafb + fa(2fa − 7) + 2f2b − 7fb + 1) + 2m4B0(fa + fb − 1)2(5fa + 5fb − 1)
+ fafbq
4(7fa + 7fb − 4)
)
+ 2M3∆mB0(6m
2
B0(−8fa + 2fb + 3) + (24fa − 1)q2) + 18M4∆m2B0
)
λ2
(
∆2(j)
)
+
(
fafbq
2
(
M∆mB0q
2(q2(f2a − 3fa + f2b − 3fb + 2)− 2m2B0(fa + fb − 5)(fa + fb − 1))
+M2∆(12m
4
B0(3fa − fb − 1)(fa + fb − 1)− 4(3(fa − 1)fa + 2)m2B0q2 + q4)
+ q2(fa + fb − 1)(4m2B0 − q2)(m2B0(fa + fb − 1)2 − fafbq2)
− 2M3∆mB0(12(2fa − 1)m2B0 − 6faq2 + q2) + 12M4∆m2B0
))
λ3
(
∆2(j)
)
+
(
q4 [−22(fa + fb) + 1] + q2
[
M∆mB0(249fa + 21fb − 206) + 2m2B0(79fa + 79fb − 69)− 132M2∆
]
− 162M2∆m2B0
)
ρ1
(
∆2(j)
)
6
+
(
q6 [−17fa − 17fb + 5] fafb + q4
[
M∆mB0(f
2
a (51fb − 31) + fa(fb(3fb − 74) + 43) + (43− 31fb)fb − 4)
+ 2m2B0(fa + fb − 1)(2f2a + fa(46fb − 7) + fb(2fb − 7) + 1) +M2∆(fa(27− 69fb) + 27fb − 2)
]
− q2
[
− 6M2∆m2B0(27f2a + fa(11fb − 23) + fb(5fb − 17) + 8)
17
+M∆m
3
B0(fa + fb − 1)(51f2a + fa(54fb − 49) + fb(3fb − 97) + 30)
+M3∆mB0(75fa − 9fb + 26) + 8m4B0(fa + fb − 1)2(4fa + 4fb + 1) + 36M4∆
]
− 6M2∆m2B0(M∆ −mB0(fa + fb − 1))(mB0(−31fa + 13fb + 9) + 9M∆)
)
ρ2
(
∆2(j)
)
6
]
,
F1,3 = −IsV gvFV
mV
q2
q2 −m2V
, (32)
F2,2(a) = F2,2(b) = F2,2(c) = F2,2(d) = F2,2(g) = 0,
F2,1 = cb23(bD − d102q2) + cb(bF − d101q2),
F2,2(e) =
c2DF cm
4F 20
∫ 1
0
dfa
∫ 1−fa
0
dfb
[
− 2 (2fa(4fb + 5) + 8f2b + 5fb − 7)λ2 (∆2(e))
+ 2m2B0(2fa + 2fb − 1)
[
q2
(
faf
2
b + fa(fa + 1)fb + 2(fa − 1)fa
)
+ f3bm
2
B0
]
λ3
(
∆2(e)
)
+m2B0(fb + 2)(2fa + 2fb − 1)ρ2
(
∆2(e)
) ]
,
F2,2(f) =
c2DF cm
4F 20
∫ 1
0
dfa
∫ 1−fa
0
dfb
[
8(3fa − 1)m2B0λ2
(
∆2(f)
)
+ 8fam
2
B0((fa − 1)fbq2 −m2B0(fa + fb)2)λ3
(
∆2(f)
)− 4fam2B0ρ2 (∆2(f)) ],
F2,2(h) =
4C2mB0Is2m
9M3∆F
2
0
∫ 1
0
dfa (famB0 −M∆ −mB0)
× {2(M∆(cT + cm)− 2mB0cT )λ1 (∆2(g))− (5M∆(cT + cm)− 4mB0cT )ρ1 (∆2(g))} ,
F2,2(i) =
C2cmIs2m
M2∆F
2
0
∫ 1
0
dfa
∫ 1−fa
0
dfb
[
4m2B0
3
(
4λ1
(
∆2(i)
)
+
1
3
ρ1
(
∆2(i)
))
+
(
− q24mB0
[
mB0(f
2
a + 6fa(fb − 1) + 5f2b − 8fb + 3) +M∆(−5fa − 5fb + 3)
]
− 4m3B0(10fa + 7fb − 4)(−fbmB0 +M∆ +mB0)
)λ2 (∆2(i))
3
+ (4m2B0q
2 − q4)
[2
3
famB0(fa + fb − 1)(2fa + 2fb − 1)(−fbmB0 +M∆ +mB0)
]
λ3
(
∆2(i)
)
+
(
q22mB0
[
mB0(−9fafb + fa(2fa + 9)− 11f2b + 17fb − 6) +M∆(11fa + 11fb − 6)
]
+ 2m3B0(22fa + 22fb − 13)(−fbmB0 +M∆ +mB0)
)ρ2 (∆2(i))
9
]
,
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F2,2(j) =
C2cT Is2m
9M4∆F
2
0
∫ 1
0
dfa
∫ 1−fa
0
dfb
[(
− 8mB0(−M∆(m2B0(6fa + 6fb − 13))− 4m3B0(fa + fb − 1) + 15M2∆mB0)
+ q28mB0M∆(6fa + 1)
)
λ1
(
∆2(j)
)
+
(
− 4mB0(M∆(m2B0q2(3f3a + 4f2a + (fa + 9)(3fa − 1)fb − 12fa + 4f2b + 1)
+ 3m4B0(fa + fb − 2)(fa + fb − 1)2 − fa(3fa + 4)fbq4) +M3∆(m2B0(−24fa + 6fb + 10) + (12fa − 1)q2)
+M2∆mB0(15m
2
B0(fa − fb)(fa + fb − 1) + q2(3fa(−5fa + 2fb + 2)− 3fb − 1)) + 2m5B0(fa + fb − 1)3
−m3B0q2(fa + fb − 1)(22fafb − 5fa − 5fb + 1) + fafbmB0q4(5fa + 5fb − 2) + 6M4∆mB0)
)
λ2
(
∆2(j)
)
+
(
− 4fafbmB0q2(M∆(m2B0q2(6fafb + fa(2fa − 3) + 2f2b − 3fb + 1)− 6m4B0(fa + fb − 1)2 − fafbq4)
+M2∆mB0(3m
2
B0(3fa − fb − 1)(fa + fb − 1) + (−3(fa − 1)fa − 1)q2)
+mB0(fa + fb − 1)(4m2B0 − q2)(m2B0(fa + fb − 1)2 − fafbq2)
−M3∆(4(3fa − 2)m2B0 − 3faq2 + q2) + 3M4∆mB0)
)
λ3
(
∆2(j)
)
+
(
mB0(mB0(M∆mB0(−21fa − 21fb + 82) + 26m2B0(fa + fb − 1) + 138M2∆)
− q2 [24mB0(fa + fb) + 57faM∆ +M∆ − 9mB0])
)
ρ1
(
∆2(j)
)
3
+
(
mB0(M∆(m
2
B0q
2((9fa + 17)f
2
b + fa(21fa + 58)fb + fa(fa(12fa + 17)− 39)− 27fb + 2)
+ 3m4B0(fa + fb − 10)(fa + fb − 1)2 − fa(12fa + 5)fbq4)
+ 2m3B0q
2(fa + fb − 1)(−16fafb + fa(3fa + 2) + 3f2b + 2fb − 1)
+M3∆(m
2
B0(−69fa − 3fb + 38) + (21fa − 2)q2)
+M2∆mB0(6m
2
B0(4fa − 7fb + 7)(fa + fb − 1)− q2(3fa(11fa − 20fb + 4) + 21fb + 2))
− 8m5B0(fa + fb − 1)3 + fafbmB0q4(7fa + 7fb + 5) + 42M4∆mB0)
)
ρ2
(
∆2(j)
)
3
]
,
F2,3 = −IsV gtFV
mV
q2
q2 −m2V
. (33)
19
p n Σ+ Σ0 Σ− Λ Ξ0 Ξ−
1
3
− 2
3
1
3
1
3
1
3
− 1
3
− 2
3
1
3
TABLE VII. Values of the isospin constant cb23 for the higher-order coupling of a photon to an octet baryon.
p n Σ+ Σ0
p D + F
√
2(D + F )
√
2(D − F ) D − F
n
√
2(D + F ) −(D + F ) 0 F −D
Σ+
√
2(D − F ) 0 2F −2F
Σ0 D − F F −D −2F 0
Σ− 0
√
2(D − F ) 0 2F
Λ −D+3F√
3
−D+3F√
3
2D√
3
2D√
3
Ξ0 0 0
√
2(D + F ) −(D + F )
Ξ− 0 0 0 D + F
Σ− Λ Ξ0 Ξ−
p 0 −
(
D+3F√
3
)
0 0
n
√
2(D − F ) −
(
D+3F√
3
)
0 0
Σ+ 0 2D√
3
√
2(D + F ) 0
Σ0 2F 2D√
3
−(D + F ) D + F
Σ− −2F 2D√
3
0
√
2(D + F )
Λ 2D√
3
0 3F−D√
3
3F−D√
3
Ξ0 0 3F−D√
3
F −D √2(D − F )
Ξ−
√
2(D + F ) 3F−D√
3
√
2(D − F ) D − F
TABLE VIII. Values of the isospin constant cDF for the different channels of the octet-baryon-to-octet-baryon transition via a
pion or a kaon.
For a check of our results, we compared them to those obtained in SU(2) in the work of Ledwig et al. [29] by setting
to zero the kaon and η-meson contributions. We fully reproduce the analytical and numerical results, except for those
of the diagram in Fig. 2(j). For this particular diagram, in the analytical expression, the terms proportional to q4
and higher were forgotten. This changed the numerical result, and here we correct this problem.
C. POWER-COUNTING BREAKING TERMS
In the EOMS scheme, the PCBTs are also absorbed into redefinitions of the LECs. The PCBTs for the diagrams
with intermediate spin-1/2 baryon states vanish for the form factor F1. In the particular renormalization scheme M˜S
they vanish diagram by diagram, while for other schemes (e.g. MS) they end up cancelling between diagrams. The
20
p n Σ+ Σ0 Σ− Λ Ξ0 Ξ−
3F−D√
3
3F−D√
3
2D√
3
2D√
3
2D√
3
− 2D√
3
− 3F+D√
3
− 3F+D√
3
TABLE IX. Values of the isospin constant cDF for the coupling of an η meson to an octet baryon.
p n Σ+ Σ0 Σ− Λ Ξ0 Ξ−
− 1
4
1
4
− 1
2
0 1
2
0 − 1
4
1
4
TABLE X. Values of the isospin constant Ismm for the coupling of two pions to an octet baryon.
only contributions to F2 come from the diagrams in Figs. 2(e) and 2(f), and they have the following simple expressions:
F2,PCBT,2(e) =
c2DF cmm
2
B0
16pi2F 20
,
F2,PCBT,2(f) = −c
2
DF cbm
2
B0
16pi2F 20
. (34)
Concerning those diagrams with intermediate spin-3/2 baryon states, most of the contributions vanish as well. The
only pieces that survive are as follows:
F1,PCBT,2(g) =
C2Is2m
144pi2F 20
{(
M3∆ + 2M
2
∆mB0 − 2M∆m2B0 − 6m3B0
)
(M∆(cm + cT )− 2mB0cT )
m4B0
M2∆ log
[
M∆
mB0
]
− (M∆ −mB0)
3(M∆ +mB0)
5 (M∆(cm + cT )− 2mB0cT )
2M3∆m
4
B0
log
[
M2∆ −m2B0
m2B0
]
+ cm
−6M6∆ − 12M5∆mB0 + 9M4∆m2B0 + 36M3∆m3B0 + 10M2∆m4B0 − 16M∆m5B0 − 8m6B0
12M2∆m
2
B0
+ cT
−6M7∆ + 33M5∆m2B0 + 18M4∆m3B0 + 10M3∆m4B0 − 12M2∆m5B0 + 4m7B0
12M3∆m
2
B0
}
,
F1,PCBT,2(h) =
C2Is2m
144pi2F 20
{
−
(
M3∆ + 2M
2
∆mB0 − 2M∆m2B0 − 6m3B0
)
(7M∆(cm + cT )− 2mB0cT )
m4B0
M2∆ log
[
M∆
mB0
]
+
(M∆ −mB0)3(M∆ +mB0)5 (7M∆(cm + cT )− 2mB0cT )
2M2∆m
4
B0
log
[
M2∆ −m2B0
m2B0
]
+ cm
42M6∆ + 84M
5
∆mB0 − 63M4∆m2B0 − 108M3∆m3B0 − 22M2∆m4B0 + 64M∆m5B0 + 32m6B0
12M2∆m
2
B0
p n Σ+ Σ0 Σ− Λ Ξ0 Ξ−
− 1
2
− 1
4
− 1
4
0 1
4
0 1
4
1
2
TABLE XI. Values of the isospin constant Ismm for the coupling of two kaons to an octet baryon.
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p n Σ+ Σ0 Σ− Λ Ξ0 Ξ−
∆++ −1 0 1 0 0 0 0 0
∆+
√
2
3
−
√
3
3
√
3
3
−
√
2
3
0 0 0 0
∆0
√
3
3
√
2
3
0 −
√
2
3
−
√
3
3
0 0 0
∆− 0 1 0 0 −1 0 0 0
Σ∗+ −
√
3
3
0 −
√
6
6
√
6
6
0
√
2
2
√
3
3
0
Σ∗0
√
6
6
−
√
6
6
−
√
6
6
0
√
6
6
−
√
2
2
√
6
6
−
√
6
6
Σ∗− 0
√
3
3
0
√
6
6
−
√
6
6
−
√
2
2
0 −
√
3
3
Ξ∗0 0 0 −
√
3
3
√
6
6
0
√
2
2
−
√
6
6
√
3
3
Ξ∗− 0 0 0
√
6
6
√
3
3
−
√
2
2
−
√
3
3
−
√
6
6
Ω− 0 0 0 0 0 0 −1 1
TABLE XII. Values of the isospin constant Ism for the different channels of the decuplet-to-octet baryon transition via a pion
or a kaon.
∆++ ∆+ ∆0 ∆− Σ∗+ Σ∗0 Σ∗− Ξ∗0 Ξ∗− Ω
0 0 0 0 −
√
2
2
√
2
2
√
2
2
−
√
2
2
√
2
2
0
TABLE XIII. Values of the isospin constant Ism for the decuplet-to-octet baryon transition via an η meson.
+ cT
42M7∆ + 72M
6
∆mB0 − 87M5∆m2B0 − 90M4∆m3B0 − 22M3∆m4B0 + 60M2∆m5B0 + 24M∆m6B0 − 4m7B0
12M3∆m
2
B0
}
,
F1,PCBT,2(i) =
C2Is2mcm
48pi2F 20
{
5M3∆ + 8M
2
∆mB0 − 6M∆m2B0 − 12m3B0
m4B0
M3∆ log
[
M∆
mB0
]
− (M∆ −mB0)
2(M∆ +mB0)
4(5M2∆ − 2M∆mB0 + 3m2B0)
2M2∆m
4
B0
log
[
M2∆ −m2B0
m2B0
]
− 30M
5
∆ + 48M
4
∆mB0 − 21M3∆m2B0 − 48M2∆m3B0 − 10M∆m4B0 + 8m5B0
12M∆m2B0
}
,
F1,PCBT,2(j) =
C2Is2mcT
48pi2F 20
{
5M3∆ + 8M
2
∆mB0 − 6M∆m2B0 − 12m3B0
m4B0
M3∆ log
[
M∆
mB0
]
− (M∆ −mB0)
2(M∆ +mB0)
4(5M2∆ − 2M∆mB0 + 3m2B0)
2M2∆m
4
B0
log
[
M2∆ −m2B0
m2B0
]
− 30M
5
∆ + 48M
4
∆mB0 − 21M3∆m2B0 − 48M2∆m3B0 − 10M∆m4B0 + 8m5B0
12M∆m2B0
}
, (35)
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F2,PCBT,2(h) =
C2Is2m
36pi2F 20
{(
M3∆ + 2M
2
∆mB0 − 2M∆m2B0 − 6m3B0
)
(2M∆(cm + cT )−mB0cT )
m4B0
M2∆ log
[
M∆
mB0
]
− (M∆ −mB0)
3(M∆ +mB0)
5 (2M∆(cm + cT )−mB0cT )
2M3∆m
4
B0 (2M∆(cm + cT )−mB0cT )
log
[
M2∆ −m2B0
m2B0
]
− 6M
6
∆ + 12M
5
∆mB0 − 9M4∆m2B0 − 18M3∆m3B0 − 4M2∆m4B0 + 10M∆m5B0 + 5m6B0
6M2∆m
2
B0
+
−12M7∆ − 18M6∆mB0 + 30M5∆m2B0 + 27M4∆m3B0 + 8M3∆m4B0 − 18M2∆m5B0 − 6M∆m6B0 + 2m7B0
12M2∆m
2
B0
}
,
F2,PCBT,2(i) =
C2Is2mcm
36pi2F 20
{
− 5M
3
∆ + 4M
2
∆mB0 − 10M∆m2B0 − 9m3B0
m4B0
M3∆ log
[
M∆
mB0
]
+
(M∆ +mB0)
3(5M5∆ − 11M4∆mB0 + 8M3∆m2B0 − 5M2∆m3B0 + 2M∆m4B0 +m5B0)
2M2∆m
4
B0
log
[
M2∆ −m2B0
m2B0
]
+
30M6∆ + 24M
5
∆mB0 − 45M4∆m2B0 − 42M3∆m3B0 − 44M2∆m4B0 − 16M∆m5B0 + 7m6B0
12M2∆m
2
B0
}
,
F2,PCBT,2(j) =
C2Is2mcT
108pi2F 20
{
− 15M
5
∆ + 13M
4
∆mB0 − 47M3∆m2B0 − 34M2∆m3B0 + 62M∆m4B0 + 36m5B0
m4B0
M∆ log
[
M∆
mB0
]
+
(M∆ +mB0)
4(M∆ −mB0)2(15M4∆ − 17M3∆mB0 + 2M2∆m2B0 + 5M∆m3B0 +m4B0)
2M4∆m
4
B0
log
[
M2∆ −m2B0
m2B0
]
+
30M8∆ + 26M
7
∆mB0 − 79M6∆m2B0 − 55M5∆m3B0 + 45M4∆m4B0
4M4∆m
2
B0
+
18M3∆m
5
B0 − 11M2∆m6B0 − 14M∆m7B0 − 6m8B0
4M4∆m
2
B0
}
. (36)
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